By using an indirect end-labelling technique for mapping, 
INTRODUCTION
The use of DNase I as a probe of chromatin structure has provided information which appears relevant to the understanding of gene regulation.
DNase I hypersensitive sites (or short regions) have been observed in the chromatin of several organisms [Droso2hila (1) (2) (3) (4) , chicken (5, 6, 7) , rat (8) ], and of the virus SV40 (9) (10) (11) (12) ). In most cases such sites are found at the 5'-end of genes which are being or can be expressed in the cell type under analysis. Examples to date include the hsp 70 and hsp 83 genes (2), hsp 28, hsp 23, hsp 26, and hsp 22 genes (3) , and the histones genes (4) in Drosophila, the a-globin genes (7), the embryonic A-globin gene, the RAV-O eV-3 locus, and the integrated adenovirus genes in chicken (5) , the preproinsulin II gene in rat (8) , and the late genes of SV40 (9) (10) (11) (12) . That such DNase I hypersensitive sites are tissue specific (found only in chromatin of cells which can express the gene) has been demonstrated for the a-globin gene (7) and J-globin genes (5, 13) in chicken and for the preproinsulin II gene (8) in C) RL Press Limited, 1 Falconberg Court, London W1 V 5FG, U.K.
rat.
The gene we have studied is the DrosQhkila gene for ribosomal protein 49, a constitutive house-keeping gene (14) . This single-copy gene codes for a ribosomal protein of approximately 20,000 daltons.
It is apparently transcribed at a low rate in all cells. A 17.7 kb DNA segment, including this gene, was cloned into a Charon 4 phage, c25 (14) . The various recombinant plasmids used in this investigation were derived from restriction fragments of the parent phage.
Five DNase I hypersensitive sites in chromatin were found at the 5'-end of the gene by using the indirect end-labelling technique for mapping (2) . These sites typically spanned about 100-160 bp and were approximately the length of a nucleosome apart (center to center distance).
Since no corresponding sites were found in the DNA of plasmid H4.0, which contained the, gene and its 5'-flanking sequences, we conclude that the presence of these DNase I hypersensitive sites is a property of the chromatin structure.
MATERIALS AND METHODS Purification of Nuclei from DrosoDhila Embrvos
Nuclei were isolated and purified from 6-18 hour old Drosophila melanonaster Oregon R embryos as described previously (3) . DNA was purified as described previously (1) . DNase I Disestion of Genomic DNA and Plasmid DNA The conditions used were the same as those used for the digestion of chromatin, except that the concentrations of DNase I used for genomic DNA were from 0.0025 units/ml to 0.02 units/ml, while those for plasmid DNA were from 0.004 units/ml to 0.032 units/ml. Analysis of DNA Framents from Chromatin Digestion and Genomic
DNA Digestion
Gel electrophoresis of the DNA samples and Southern transfer to nitrocellulose were performed as described (1), except that a uniform sample size of lOpg of DNA was loaded per lane in all cases.
Plasmid probes were labelled in VitrQ by nick translation as described (1) except that the DNA concentration was 1 pg/ml. The final concentration of DNase I was 0.0012 units/ml and the incubation temperature was 12.50C.
Hybridization of the filter and autoradiography were carried out as described before (1) .
Fillinj-in of the Stajjered Ends of Linearized Plasmid with

Radioactive Nucleotides
The plasmid H4.0 was linearized by cutting with the restriction enzyme Bam HI. The staggered ends generated were filled in with radioactive nucleotides. The reaction mixture contained 10 mM MgC12, 10 mM Tris-HCL (pH 7.4), 10 mM 0-mercaptoethanol, 0.5 mg/ml bovine serum albumin, 2 ig of linearized plasmid, 5 units of E. coli DNA polymerase I--Klenow fragment (Boehringer) and 1.5 pM 32P-dNTP's ('500 Ci/mmole) in a final volume of 100 X(15). The reaction was carried out at 370C
(1 hour) and was terminated by phenol extraction.
The labelled plasmid fragments were purified using Sephadex G-50 chromatography.
Analysis of DNA Frajments from Plasmid H4.0
Gel electrphoresis was carried out as before except that a sample size of 0.2 pg of DNA per lane was used.
After electrophoresis, the gel was dried and autoradiography was carried out using Kodak IR film with a DuPont Lightning-Plus intensifying screen. Plasmid Subclones Subclones were generated from phage c25 (14) using the plasmid pBR 322 (16) . Ligation, transformation and selection of recombinant plasmids were carried out as described by Barnett et al. (17) .
Plasmid DNA (18) and phage DNA (19) were prepared according to standard procedures. Northern Gels 2.Ojg of poly (A) + RNA were separated on 1.5% agarose CH3HgOH gels. The protocol used for electrophoresis and for treatment of the gels, preparation of paper, RNA transfer, and hybridization was that described by Alwine, et al. (20) . Labelling of H4.0 DNA by nick translation for hybridization was as previously described (14) .
Formation of R-loops and Electron MicroscoqD R-loop formation, treatment and spreading of the DNA-RNA hybrids were performed as previously described (21) except that the DNA was trioxsalen crosslinked before hybridization (22) . S1 Nuclease Protection Maipinr 3'-end labelled DNA (0.05 pg) was hybridized with cytoplasmic poly (A)+ RNA (10 pg) in a total volume of 30A of 70% formamide, 0.4 M NaCl, 1 mM EDTA, 0.05 M Pipes (pH 6.8), and 0.01 X EDTA at 560 for 3 hours after treatment at 800 for 2.5 minutes.
The 
RESULTS
A restriction map of the region of the Drosophila genome containing the gene for ribosomal protein 49 and a gene of unknown function is present in Figure 1 . H4.0, HSO.3 and HRO.6 are recombinant plasmids containing the corresponding restriction fragments as shown. The H4.0 recombinant plasmid contains sequences complimentary to two Droso2hila poly (A)+ RNA's. These RNA's were sized and localized on H4.0 DNA using Northern hybridization (20) and R-looping techniques (21) .
The results are shown in Figure 2 .
An indirect end-labelling technique (2) was used to map the DNase I hypersensitive sites in the chromatin of this region.
Chromatin (in the intact nuclei) was lightly digested with DNase I. The DNA was then purified and cleaved wth the restriction enzyme Hind III. The DNA fragments were run out on an agarose gel, a Southern blot prepared, and the filter hybridized using Lanes A, B, and C contain DNA fragments generated by a decreasing amount of DNase I (15, 7.5 and 3.75 units/ml, respectively) followed by digestion of the DNA fragments with Hind III.
Lanes E, F, and G contain DNA fragments generated by digestion of genomic DNA with decreasing amounts of DNase I (0.02, 0.005, and 0.0025 units/ml, respectively) followed by digestion of the DNA fragments wth Hind III.
Lane D contains DNA fragments from genomic DNA digested with Hind III alone.
Horizontal arrows indicate DNA fragments bounded by a DNase I hypersensitive site and the right hand Hind III site.
To determine whether or not these sites were chromatin specific, the following experiment was carried out. H4.0, the recombinant plasmid made up of pBR 322 and the Hind III-Hind III restriction fragment (see Figure 4) Figure 5 ).
Similar mapping of the chromatin-generated sites was carried out using HS 0.3 (which contains the 0. others.
In figure 3 , which shows DNA fragments bounded at one end by the right Hind III site and at the other end by the same DNase I hypersensitive sites, the smallest band is also fainter than the others. This lends further support to the above suggestion. Examination of a 9.6 kb region, bounded by Xba I sites, indicated that there are no DNase I hypersensitive sites within 1.4 kb of the other end of the gene encoding ribosomal protein 49 (data not shown).
When these DNase I hypersensitive sites were placed on the map, the mid-points of these sites were approximately at 260, 460, 750, 1010, and 1240 bp from one end of the gene for ribosomal protein 49.
The left-most site was actually very close to or within the adjacent gene (see Figure 8) . To Lanes A, B, and C contain DNA fragments generated by digestion of chromatin with decreasing amounts of DNase I (15, 7.5, and 3.75 units/ml, respectively) followed by digestion of the DNA fragments with Sal I.
Lanes D, E, and F contain DNA fragments generated by digestion of genomic DNA with decreasing amounts of DNase I (0.02, 0.005 and 0.0025 units/ml, respectively) followed by digestion of the DNA fragments with Sal 1.
Lane G contains DNA fragments generated from genomic DNA by digestion with Sal I alone.
Horizontal arrows indicate DNA fragments bounded by a DNase I hypersensitive site and the left hand Sal I site.
protein 49 gene, an S, nuclease protection experiment was carried out (see Figure 7) . The recombinant plasmid HRO.6 DNA was cut wth the restriction enzyme Taq I, and the appropriate fragments were isolated and labelled at the 3'-end as described above.
The fragment protected indicated the direction of transcription to be from left to right for the map given in Figure 8 . This places the chromatin DNase I hypersensitive sites at the 5-end of the gene. Cheat shock protein genes (2, 3) and histone genes (4) in Drosophila, globin genes in chicken (5,7), preproinsulin II gene in rat (8) and late genes of SV40 (9) (10) (11) (12) ]. Since this chromatin configuration is not limited to active genes, but is also found at genes that have the potential to be active (as in the case for the heat shock genes), one may speculate that the local conformational changes in chromatin structure at the 5'-end of genes as revealed by local increased susceptibility to DNase I is a necessary but not sufficient condition for gone activation. The tissue specificity of the pattern of DNase I hypersensitive The horizontal arrow indicates the direction of transcription.
sites, as demonstrated for the a-globin gene (7) and 0-globin genes in chicken (5, 13) and the preproinsulin II gene in rat (8) , further suggests that there is a positive correlation between this chromatin structure and gene expression.
The conformational changes in chromatin that are being detected may be at the level of individual nucloosomes, at the level of higher order structure, or both. One infers that this change results in a chromatin conformation which permits, but does not compel, gene expression.
Since the 5'-end of the ribosomal protein 49 gene is only about 1.3 kb from the end of the adjacent gene, the most distal of the five hypersensitive sites from the 5'-end of the ribosomal protein 49 gene is either very close to or within this transcript.
(The precise end points of this gene are not known.)
The possibility that some of these sites may be pertinant to the expression of this adjacent gene should not be ignored.
Multiple DNase I hypersensitive sites are not unique to the ribosomal protein 49 gene. Another example is the hsp 83 gene (2) in Droso2hila. In Drosovhila, there are 70-80 ribosomal proteins. These proteins are present in constant ratios in the ribosomes and in the cells as well. In addition, the amount of ribosomal protein present is regulated coordinately with the synthesis of rRNA (27) . It is tempting to speculate that the requirements of such regulation may necessitate a long stretch of DNA as a regulatory element. Perhaps as a consequence, multiple DNase I hypersensitive sites are found. The periodicity of 200-290 bp for the five DNase I hypersensitive sites may be of some importance. A similar spacing of sites is observed at the 5-ends of hsp 83 gene (2) . One possible suggestion is that there may be similar structural changes in each nucleosome in the presumptive regulatory region and that these changes are recognized by DNase I. Hence cuts are made at each nucleosome or linker and a periodicity of cutting sites, of roughly the length of a nucleosome, is generated.
Future research focussing on the molecular structure of the 5'-DNase I hypersensitive sites may give us some insights into the problem of regulation of gene expression.
